Most planetary discoveries with the K2 and TESS missions are restricted to short periods because of the limited duration of observation. However, the re-observation of sky area allows for the detection of longer period planets. We describe new transits detected in six candidate planetary systems which were observed by multiple K2 mission campaigns. One of these systems is a multiplanet system with four candidate planets; we present new period constraints for two planets in this system. In the other five systems, only one transit is observed in each campaign, and we derive period constraints from this new data. The period distributions are highly multimodal resulting from missed potential transits in the gap between observations. Each peak in the distribution corresponds to transits at an integer harmonic of the two observed transits. We further detail a generalized procedure to constrain the period for planets with multiple observations with intervening gaps. Because long period photometrically discovered planets are rare, these systems are interesting targets for follow-up observations and confirmation. Specifically, all six systems are bright enough (V = 10.4-12.7) to be amenable to radial velocity followup. This work serves as a template for period constraints in a host of similar yet-to-be-discovered planets in long baseline, temporally gapped observations conducted by the TESS mission.
INTRODUCTION
Over the span of 3.5 years and a data analysis effort extending until the present, the Kepler Mission has discovered 2345 1 exoplanets. Due to the failure of two of the reaction wheels on Kepler, the K2 mission was devised to continue observations using the spacecraft thruster to correct for spacecraft roll (Howell et al. 2014) . K2 was designed to observe regions of the sky near to the ecliptic for approximately 75 days before moving on to a new location.
Over a fifth of the planet candidates discovered by the original Kepler Mission had periods longer than 100 days, owing to the 4 year baseline of observations 1 . However, as a result of the shorter baseline, the K2 mission was focused on finding planets with a period < 30 days, in order to observe multiple transits in a baseline.
However, several K2 campaigns were overlapped partially or fully to cover certain high interest regions, including the Hyades and Praesepe open clusters. This provides a useful test of space-based data consisting of baselines separated by long gaps, which is a very similar method of observation to the TESS mission. For instance, 6167 targets in Campaigns 5 and 16 of the K2 mission were observed in both campaigns. Furthermore, Campaign 5 and 18 had almost full overlap in their mission fields.
The TESS mission has a similar scope and design to the K2 mission, observing each sector for 27 days. Due to the TESS scanning strategy, the ecliptic poles will be observed nearly continuously, whereas regions close to the ecliptic plane will be observed for only a single sector. As a result, the focus of TESS in regions close to the ecliptic will be to find planets with periods < 10 days, some of which may be in the habitable zones of cooler M-type stars (Ricker et al. 2014) . In this paper we search K2 campaigns with overlapping fields for systems with single transits in more than one campaign. After identifying these systems, we characterize the planet candidates, including constraining their periods via an analytical period prior and transit modeling.
We describe the search of K2 campaigns in Section 2. We identify six such systems, presented in Section 3. In Section 3.1 we present a generalized period prior that quantifies the probability of a period given that transits may have been missed in the interval between observations. We apply this period prior to obtain posterior period distributions for all six systems in Figure 5 . In Section 4 we discuss followup potential and the usefulness of the methodology of this paper for the TESS mission. The systems we present also fulfill an important region of parameter space in the search for exoplanets that are good targets for detailed characterization, shown in Figure 4 .
K2 PHOTOMETRY
We performed a search of overlapping targets in Campaign 5 (C5), Campaign 16 (C16), and Campaign 18 (C18), aiming to find longer period planets which may have 1 or 2 transits in each campaign. We focused specifically on stars for which LaCourse & Jacobs (2018) detected a single transit event in order to determine whether additional transits were observed during C16, C18, or both campaigns.
We created lightcurves using the Python package lightkurve (Barentsen et al. 2019 ) and also used lightcurves from both the K2SC pipeline (Aigrain et al. 2016 ) as well as the K2SFF pipeline of Vanderburg & Johnson (2014) . For most of the stars studied, we used the K2SC pipeline to generate lightcurves for both campaigns. In some cases, the pipeline mask for lightcurves in Campaign 5 were suboptimal. As such, the K2SC detrended lightcurves, which start with the raw pipeline lightcurves, displayed poorer precision. For these cases, we used the K2SFF lightcurves instead, which use a custom mask optimized for precision (Vanderburg & Johnson 2014) . For K2SFF lightcurves, we used an iterative version of the Savitsky-Golay filter (Savitzky & Golay 1964) implemented in the lightkurve pipeline in order to detrend the lightcurve. We first removed a trend and used the initial trend removal to mask any points farther than 4 sigma from the median of the lightcurve. Then, we performed another trend removal with the outlier points (including transits) masked. Finally, we interpolated and divided out the trend.
PLANET CANDIDATES AND DOUBLE TRANSITING EVENTS
We searched by eye 24 light curves with single transit events reported by LaCourse & Jacobs (2018) in C5 data in order to check for additional transits. We found 6 systems which present additional transit events in either C16, C18, or both, which are plausibly planetary in nature. Five of these systems exhibit only a single additional transit in a subsequent campaign, but one of them, EPIC211939692, exhibits multiple additional transits in C18. EPIC211953574 was observed for C5, C16 and C18; the remaining five targets were observed in C5 and C18 alone. Stellar parameters are derived in Section 3.2 and are presented in Table 1 .
Period Constraints and Priors
Due to the 960 day gap between C5 and C16 and the 104 day gap between C16 and C18, several transits may have been missed, although the exact number of missed transits is unknown. As a result, the period could be any integer division of the time difference between the two observed transits:
where t 1 is the mid-transit time of the first transit, t 2 is the mid-transit time of the second transit, i is an integer and P min is the minimum possible period, estimated by the maximum length of observations before or after a transit in the data. As a result, the period distributions of double transit planet candidates are highly multimodal, with peaks corresponding to each allowed integer i in Eq. 1. Furthermore, there are certain factors which skew the period distribution. For instance, shorter period planets are favored because they are more likely to transit in the observation baseline. Vanderburg et al. (2016) uses a period prior of the form (B + D)/P for periods longer than the baseline in the case of a single transit with transit duration D in a single baseline B. For the case of two observational baselines with exactly one transit in each baseline this is complicated further and is shown in Becker et al. (2018) . However, we have multiple planet systems, some which have data for three campaigns, C5, C16 and C18. As such, we fully generalized the Becker et al. (2018) period prior to n baselines, each either containing or not containing a transit. We find that the prior probability for a given orbital period can be expressed as follows:
if Pi ≤Pi,min. (2)
In order to validate this prior we performed a Monte Carlo simulation of the transit probabilities. We randomly drew 2000 periods in the interval (0.1,1000) days. For each of these periods, we drew 100 baseline separations in the interval [0,3000) days. We specified an observed set of transits (Tj in Eq. 2), and tested the fraction of randomly drawn epochs which resulted in this configuration of transits. We show in Fig. 2 the results of this simulation for baseline lengths the same as C5, C16, and C18 with one transit in C5 and C16 each but no transit in C18. . Simulation comparing orbital period prior probability and analytical prior probability presented in Section 3.1. This simulation is based on three baselines with lengths equal to that of C5, C16, and C18; it also assumes one transit each in C5 and C16 and no transit in C18.
Stellar Parameters
Using photometric and parallax data from Gaia Data Release 2 (DR2; Gaia Collaboration et al. 2018), we estimate mass and radius values for each of the 6 stars. We start with luminosities of each of the stars presented by Gaia Collaboration et al. 2018), and use empirical mass-luminosity relations presented in Eq. 4 of Gafeira et al. (2012) to arrive at masses for each of the stars. We then find B and V magnitudes from two sources, Sampedro et al. (2017) ; Nascimbeni et al. (2016) , and obtain K magnitudes from 2MASS (Skrutskie et al. 2006) . We then find B-V and V-K color magnitudes and use the empirical relations provided in Boyajian et al. (2014) to compute radii for both B-V and V-K magnitudes for each of the 6 stars. We find that these radii all are consistent with the DR2 reported radii, so we adopt these radii for all 6 stars, due to the greater accuracy of Gaia color-band photometry compared to the other photometry. We also use the B-V and V-K color photometry and empirical relations in Boyajian et al. (2013) to compute effective temperatures for each of the 6 stars. Again, we find all values consistent with the Gaia reported value for T ef f , so we adopt the Gaia value. We note that one of the stars, EPIC211633458, appears to be an evolved star with a radius of 3.58±0.19R .
Transit Modeling
We use the BATMAN transit fitting Python package (Kreidberg 2015) based on the transit model of Mandel & Agol (2002) in order to model our transit photometry. Our model assumes seven parameters per planet: transit time, orbital period, planet radius relative to stellar radius (Rp/R * ), transit duration, and impact parameter (the last two of which are later reparameterized as semi-major axis scaled to the stellar radius (a/R * ) and inclination). Additionally, we include four global parameters per system: a baseline offset parameter, a noise parameter (in order to encapsulate systematic effects in our photometric uncertainties), and two quadratic limb darkening parameters, using the parameterization presented in Kipping (2013a) . We jointly fit all the campaign lightcurves for each system using the period prior described in Section 3.1. We also apply a Gaussian prior on stellar density by comparing the density estimated from the transit model to the spectroscopically determined density and uncertainties (see Section 3.2). Further, for eccentricity we adopt a beta prior as described in Kipping (2013b) . Lastly, in the case of the candidate multiplanet system EPIC211939692, we assert that any system architecture with Hill radius crossings is impossible. In order to determine Hill radii, we used Wolfgang et al. (2016) to estimate planet masses from planet radii.
We explore our parameter space using MultiNest (Feroz et al. 2009 ) to sample the posteriors, as MultiNest is optimized for handling multimodal distributions such as our period distributions. In detail, we run MultiNest with constant efficiency mode, importance nested sampling mode, and multimodal mode all set to true, with a sampling efficiency of 0.01, 1000 live points, and an evidence tolerance of 0.1.
Single Planet Systems
We find 5 systems with a single transiting planet that transits twice, one transit in each of two different campaigns. EPIC 211953574 was the only star for which we had three baselines of observation: C5, C16 and C18. For this system, we find matching transits in C5 and C16, but we observe no transits in the C18 baseline. Despite no transits occurring in C18, we can use the lack of a transit in C18 to constrain the period space further than would have been possible with only C5 and C16 data. The period distribution for this planet favors longer periods than the other four distributions. We find the planet to have a median period of 84.374 days and a radius of 2.74±0.4 Re from our fits presented in Section 3.3.
We observe transits for EPIC211821192.01 in both C5 and C18. We find it to have a median period of 54.426 days, and a radius of 2.95±0.4 Re. EPIC211821192 is very similar EPIC211633458.01 has a radius of 11.83±0.4 Re, making it the only giant candidate on our list. Because EPIC211633458 is an evolved star, despite a similar transit depth to the other candidates, the planet's radius is similar to that of Jupiter.
EPIC211351097 and EPIC 211351543 both present a single transit in C5 as well as C18. We report comparisons for all five single planet systems between our transit parameter values and the values presented in LaCourse & Jacobs (2018) in Table 2 .
As all the planet candidates in these systems have uncertain period estimates, we cannot calculate for certain whether these planet candidates would be in the habitable zones of their host stars.
However, using the method used by the NASA Exoplanet Archive (https://exoplanetarchive.ipac.caltech.edu), derived from Kasting et al. (1993) 's estimate of the habitable zones for these host stars in AU, we can place a probability on this, using Kepler's third law to convert our period distributions into distributions for semi-major axis. We present these probabilities in Table 3 .
EPIC 211939692, a Four Planet System
One system of particular interest is the candidate system EPIC 211939692. LaCourse & Jacobs (2018) reported the system as an "apparent multi-planet system" but did not specify further. We find that there are 6 transits in C5, and we find 3 additional transits in C18.
We found that the first and fifth transits of the C5 lightcurve for EPIC 211939692 had (by eye) a similar transit duration and depth. The two transits are spaced apart by ∼26.854 days, and extrapolating from this period we find that the first and third transits in C18 align with the same ephemeris and also have similar depths and durations.
In addition, the second and sixth transits in C5 are also similar in depth and duration with time difference ∼39.554 days; extending this forwards in time we find that the second transit in C18 fits this period and has the same depth and duration.
The two outer planets in this system also have uncertain period estimates as they transit only once in the available data; we use the method described above in Sec. 3.4 to find probabilities that these planet candidates would fall within the habitable zone of their host star. We find probabilities of 37% and 12% for the two outer planets. These results are summarized in Table 3 and shown in Fig. 5 .
We successfully performed a fit using the procedure outlined in Section 3.1 to the C5 and C18 lightcurve on these two planets and found planetary parameters shown in Table  3 . This leaves two planet candidates, EPIC 211939692.03 and EPIC 211939692.04, that transit a single time in C5 and do not exhibit transits in C18. It is possible to constrain the period of these two planets further using the duration of the transit to approximate the period and using the fact that we do not observe a transit in the C18 observations. This is beyond the scope of this paper. We plan to return to the EPIC 211939692 system in an upcoming publication.
Verification of Transit Fitting
In order to verify the accuracy of the transit fitting procedure and period prior, we simulated double transit candidates using long period planets from the Kepler Mission. We used Kepler 420b and Kepler 538b, reported in Santerne et al. (2014) and Mayo et al. (2019) respectively. These planets have published periods of 86.6 and 81.7 days respectively. We clipped the light curves approximately to the baselines of C5 and C18 and the separation between the two campaigns. We then applied the fitting procedure to verify that the modes we detect contain the published value of period for these systems. In both cases the correct period is a mode on the period distribution as expected, verifying the results of out fitting procedure. We find the probability of the true period mode for K-420Ab = 8.4% and for K-538b = 5.1%. We note that we do not expect a majority of the distribution to be at the true mode because of the large number of modes. We also confirm a high eccentricity (e = 0.77) for Kepler 420b as reported in Santerne et al. (2014) .
SUMMARY AND DISCUSSION
The fields of view of the K2 mission Campaigns 5, 16, and 18 covered overlapping sky area. We took advantage of this overlap to search for additional transits of the singletransit candidates reported by LaCourse & Jacobs (2018) from Campaign 5. Six systems displayed additional transits, one of which is a multiplanet system with 4 candidate planets. We present a method to constrain the period of transiting objects in gapped photometric datasets, which we apply to 5 systems. We present these period constraints in Section 3.1.
These six systems are amongst the longest period planetary systems discovered by the K2 mission to date. Only EPIC248847494b (Giles et al. 2018 ) and potentially K2-263b (Mortier et al. 2018 ) and K2-118b (Dressing et al. 2017 ) have longer periods. Of the 9 planet candidates found, 4 have constrained minimum periods (see Eq. (1)) longer than K2-263b and K2-118b. The planets reported on in this work occupy a sparse region of parameter space, representing transiting long period planets orbiting stars which are moderately bright. This region of parameter space is particularly important because it contains the habitable zones of relatively bright sun-like stars with high propensity for characterization. One system of note is EPIC211633458: a relatively bright (V=10.38, K=8.27) host star to a giant planet. It has high potential for future follow up observations including radial velocity confirmation. Furthermore, its large radius, likely gaseous composition (Rp =2.98), and brightness make future atmospheric characterization practicable.
We also find a very interesting candidate multiplanet system around the star EPIC 211239692. We can fully constrain the periods of two planet candidates (as they transit multiple times per campaign), as well as place broad constraints on the other two candidates. This system has high follow up potential with radial velocity observations constrain the masses and find the periods of the two single-transiting planets, especially given their non-negligible probabilities of residing in the habitable zone. 5 . Period distributions for all planet candidates reported in this paper. In the bottom right panel, the habitable zone is plotted in green to demonstrate that a portion of the period posterior distribution for the outer two planets is in the habitable zone (specifically, 37% for the 211939692.03 and 12% for 211939692.04).
Radial velocity observations of these systems could allow an estimation of not only planet mass, but also potentially a unique constraint on the period. However, whether or not these systems are amenable to followup may depend on whether the orbital period is short enough for the radial velocity semi-amplitude to be detectable. How best to pursue radial velocity and other ground-based followup observations in order to uniquely constrain the period for systems such as these remains an open question, one we would like to address in a future publication.
These planets would also add to the short list of transiting long period exoplanet candidates. Such systems are useful to study theories of planet formation, particularly pertaining to the "photoevaporation valley" of planetary radii near 1.6 to 2.0 Earth radii (Fulton et al. 2017) .
We note that the challenge of period constraints for these six systems in the gapped K2 dataset (see Section 3.1) is a highly pertinent problem for TESS observations because of the similar observational strategy. This procedure may be used as a template for future systems of planets with multiple transits with intervening gaps in observation to constrain the period. Because TESS observes regions of sky repeatedly, even observations with no transits can be used to constrain the period space. The EPIC 211953574 system, which has transits in C5 and C16 but not in C18, is a prime example of this technique. Only small areas of the sky can be continuously observed by current transit surveys sensitive to small planets, so it is important to make use of observations in these gapped datasets in order to maximize the planetary yield and add to the number of longer period planetary systems with transit-based constraints.
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